The HS-1 associated protein X-1 (HAX-1) is a ubiquitously expressed protein that protects cardiomyocytes from programmed cell death. Here we identify HAX-1 as a regulator of contractility and calcium cycling in the heart. HAX-1 overexpression reduced sarcoplasmic reticulum Ca-ATPase (SERCA2) pump activity in isolated cardiomyocytes and in vivo, leading to depressed myocyte calcium kinetics and mechanics. Conversely, downregulation of HAX-1 enhanced calcium cycling and contractility. The inhibitory effects of HAX-1 were abolished upon phosphorylation of phospholamban, which plays a fundamental role in controlling basal contractility and constitutes a key downstream effector of the ␤-adrenergic signaling cascade. Mechanistically, HAX-1 promoted formation of phospholamban monomers, the active/inhibitory units of the calcium pump. Indeed, ablation of PLN rescued HAX-1 inhibition of contractility in vivo. Thus, HAX-1 represents a regulatory mechanism in cardiac calcium cycling and its responses to sympathetic stimulation, implicating its importance in calcium homeostasis and cell survival.
H
eart failure, the leading cause of human morbidity and mortality with estimated 550,000 new cases annually, is characterized by myocardial remodeling and left ventricular dysfunction. A universal characteristic of human and experimental heart failure is depressed sarcoplasmic reticulum (SR) calcium cycling, which is mainly related to decreased cardiac SR Ca-ATPase (SERCA2a) expression and increased inhibition of the Ca pump by phospholamban (PLN) (1) (2) (3) . PLN is a small phosphoprotein, which represents a nodal point in calcium cycling and the heart's responses to ␤-agonists (4). However, it is not currently clear whether PLN mediates its regulatory effects on the calcium pump alone or if there are other proteins modulating its activity. Along these lines, we recently showed that PLN interacts with the anti-apoptotic protein HS-1 associated protein X-1 (HAX-1) in vitro (5) , but the functional significance of this PLN binding partner in SR calcium cycling remains unclear.
HAX-1, an approximately 35-kDa protein, was originally identified as an intracellular anti-apoptotic protein (6) . HAX-1 is not significantly homologous to any other proteins (6) . It shares some similarity to Bcl-2 and related proteins, as well as to Nip3, a Bcl-2-interacting protein. HAX-1 also contains a putative PEST sequence (amino acids 104-117), which suggests rapid and regulated degradation of the protein. There are also some additional interesting features: an acid box (amino acids 30-41) with unknown function, composed mostly of glutamic and aspartic acids, as well as several recently identified protein-binding regions, that are present mostly in the C-terminal part of the protein (7) . HAX-1 could protect cardiomyocytes from hypoxia-reoxygenation-induced apoptosis by inhibiting caspase-9 activation (8) . The region of HAX-1 interacting with caspase-9 contains amino acids 174-206 (8) , while its minimal binding region with PLN is amino acids 203-245, which is adjacent but separated from the caspase-9 binding domain (5) .
Transient transfection of HAX-1 in HEK293 cells demonstrated that it preferentially localizes to mitochondria. However, upon cotransfection with PLN, it is present in the ER and colocalizes with PLN (5) . Previous immunofluorescence microscopy studies have localized HAX-1 to the mitochondria and endoplasmic reticulum in COS-7, HeLa, and DG75 cells (6, (8) (9) (10) (11) (12) , although two of these studies also localized HAX-1 to the nuclear envelope (6, 9) . Overall, most of these studies focused on the anti-apoptotic function of HAX-1.
Given the importance of phospholamban in the heart's responses to ␤-adrenergic stimulation and the promise of PLN-targeted therapy to correct dysfunction of failing hearts, the identification of the interaction between HAX-1 and PLN represents a significant finding. Thus, it becomes critical to further characterize the functional significance of HAX-1 in vitro and in vivo, with specific emphasis of its regulatory roles on: a) PLN activity; and b) SR calcium cycling and contractility. To better understand these notions, the HAX-1 protein levels were altered in an acute or chronic manner in cardiomyocytes. Adenoviruses with sense or antisense HAX-1 gene were generated to infect adult cardiac cells. A transgenic mouse with cardiac specific overexpression of HAX-1 and a HAX-1 deficient model were also characterized to evaluate the functional significance of HAX-1 in vivo. Our results demonstrate that overexpression of HAX-1 decreases SR calcium transport, calcium content, and cardiac function through increased inhibition by PLN. Accordingly, downregulation of this protein augments cardiac contractile performance. These regulatory effects of HAX-1 are abolished in the absence of PLN in vivo. Thus, HAX-1 represents an additional regulator of SR calcium transport and contractility in the heart.
Results

Effects of Acute HAX-1 Overexpression and Downregulation in Adult
Rat Cardiomyocytes. A previous study showed a direct interaction between PLN and HAX-1 in vitro, suggesting a role for HAX-1 in cardiac function. To examine the significance of HAX-1 in cardiac SR calcium cycling and contractility, adult rat ventricular cardiomyocytes were infected with adenoviruses expressing sense (HAX-1) or antisense HAX-1 (HAX-1-AS) (Fig. 1A) . In initial experiments, we investigated the localization of HAX-1 in control and infected cardiomyocytes using immunofluorescence. Previous studies reported that HAX-1 localizes to both mitochondria and endoplasmic reticulum in different cell types, including COS-7, HeLa, and DG75 cells (6, (8) (9) (10) (11) (12) . In cardiomyocytes, HAX-1 appeared to partially colocalize with PLN in control cells as well as in HAX-1 overexpressing cells (Fig. 1B) .
Overexpression of HAX-1 (Ϸ18-fold, Fig. S1 A) in rat adult cardiomyocytes resulted in significant decreases in fractional shortening, and the rates of contraction and relaxation to 43, 38, and 31%, respectively, compared to Ad.GFP infected cells ( Fig. 1 C-F) . However, upon ␤-adrenergic-receptor stimulation by isoproterenol, phosphorylation of major phosphoproteins including phospholamban abolished the differences in the contractile parameters between control and HAX-1 overexpressing cells (Fig. S1 C-E) .
Consistent with the myocyte contractility data, the peak calcium was significantly depressed by HAX-1 overexpression and tau, a measure of Ca-decay rate, was prolonged to 163% of controls ( Fig.  1 G-I) . These depressive effects of HAX-1 were abolished upon isoproterenol stimulation (Fig. S1 F and G) .
Assessment of SR calcium load by caffeine application revealed a 20% decrease, compared to control myocytes (Fig. 1J) . However, there were no marked alterations of the SR calcium content upon isoproterenol stimulation, consistent with the calcium kinetic and mechanical parameters (Fig. S1H ). These data indicate that acute overexpression of HAX-1 depresses cardiomyocyte calcium cycling and contractile performance under basal conditions, but isoproterenol prevents the inhibitory effects of HAX-1.
On the other hand, downregulation of HAX-1 (to 70% of control cells, Fig. S1B ) was associated with significant increases in cardiomyocyte contractile parameters, including fractional shortening, rates of contraction and relaxation, to 156, 130, and 123%, respectively, compared to controls ( Fig. 1 C-F) . The calcium transients also showed significant enhancement. The peak calcium increased to 125% and tau was abbreviated to 72% of control cells, respectively ( Fig. 1 G-I) . However, the contractile and calcium transient parameters were similar upon isoproterenol stimulation (Fig. S1  C-G) . Furthermore, caffeine-induced calcium release from SR was significantly enhanced to 130% of control cells under basal conditions (Fig. 1J) , without significant alterations upon isoproterenol stimulation (Fig. S1H ). These data indicate that acute downregulation of HAX-1 may enhance cardiomyocyte contractility and calcium transients under basal conditions.
Transgenic Overexpression of HAX-1 in the Mouse Heart. The results presented above indicated that acute alterations of HAX-1 expression have significant effects in cardiac calcium cycling and contractile performance. To further examine the functional role of HAX-1 in vivo, we generated a transgenic mouse model with cardiac specific HAX-1 overexpresssion (OE) (Fig. S2 A) . Quantitative Western blot analysis ( Fig. 2A ) of heart homogenates revealed that transgenesis resulted in approximately 2.5-and 2.3-fold increases of the HAX-1 protein levels in two different lines (L11 and L13). There were no significant alterations in cardiac morphology and histology by overexpression of HAX-1 at 3 months of age ( Fig. S2 B and C). Immunofluorescence analysis of the isolated mouse cardiomyocytes, using PLN as SR marker, indicated that the overexpressed HAX-1 colocalized with PLN ( Fig. 2B) , consistent with the adenoviral studies.
To examine the functional effects of HAX-1 overexpression in vivo, cardiomyocytes from line 11 were isolated and contractility as well as calcium transients were evaluated (13) . Overexpression of HAX-1 resulted in significantly depressed fractional shortening and rates of contraction and relaxation to 52, 42 and 44% of wild-type, respectively ( Fig. 2 C, E, and G) . However, the maximal stimulated contractile parameters from HAX-1 overexpressing and wild-type cells were similar in the presence of isoproterenol (Fig. 2 C, E , and G). Contractility studies in cardiomyocytes from line 13 yielded the same results as those of line 11 ( Fig. S3 A-C) . Therefore, the following studies were performed using line 11. Consistent with the inhibitory effects of HAX-1 in mechanical performance, the peak of calcium transient was decreased to 67% and tau was prolonged to 136% of wild-type, respectively (Fig. 2 D  and F) . The depressive effects of HAX-1 were abolished by isoproterenol stimulation (Fig. 2 D and F) . Thus, in vivo overexpression of HAX-1 inhibited SR calcium cycling and contractile performance under basal conditions without any significant effects upon maximal isoproterenol stimulation.
Examination of the caffeine-induced SR calcium release revealed that overexpression of HAX-1 significantly decreased calcium load to 77% of wild-type, while isoproterenol prevented this inhibition (Fig. 2H) .
Effects of HAX-1 Overexpression on SR Ca Transport. Since HAX-1 has been shown to interact with PLN (5), we assessed the effects of HAX-1 on oxalate-supported SR calcium transport. HAX-1 overexpression resulted in significant decreases in the initial rates of calcium transport at various calcium concentrations without any marked alterations in the maximal velocity of the uptake system, compared to wild-type (WT: 75.23 Ϯ 8.84 nmol/mg/min; OE: 81.62 Ϯ 7.69 nmol/mg/min) (Fig. 2I) . However, the EC 50 of SERCA2 for calcium was increased by 39% in the HAX-1 transgenic hearts (Fig. 2I Inset) , which was associated with increases in the relative PLN monomer/pentamer ratio (Fig. 2 J) . Total PLN levels were similar between WT and transgenic hearts (Fig. S4) . Thus, the active PLN monomeric species was significantly higher in the transgenic hearts.
The alterations in SR calcium cycling by HAX-1 were not associated with any differences in the major SR calcium cycling protein levels, such as SERCA2, total PLN, phosphorylated PLN at Ser 16 or Thr 17 , total ryanodine receptor, as well as phosphorylated ryanodine receptor at Ser 2809 (Fig. S4) .
Role of HAX-1 Gene Targeting on Cardiomyocyte Contractile Function.
To further investigate the effects of HAX-1 on cardiac contractile performance in vivo, a HAX-1-deficient mouse model (14) was characterized. The homozygous mice died between 5 and 12 weeks of age. However, the heterozygous mice with 36% HAX-1 expression levels in the heart (Fig. S5 A and B) were viable and fertile (14) and used to perform the following study.
HAX-1 heterozygous cardiomyocytes showed significantly increased fractional shortening and rates of contraction and relaxation to 138, 145, and 156%, respectively, compared to age matched wild-types under basal conditions (Fig. 3 A, C, and E) . However, there were no marked differences in these contractile parameters upon isoproterenol stimulation (Fig. 3 A, C, and E) . Accordingly, the peak of the calcium transient was significantly increased to 158%, and the time to 50% decay of calcium as well as tau were shortened to 77 and 72% of wild-type under basal conditions. There were no significant alterations of these calcium parameters upon isoproterenol stimulation (Fig. 3 B, D, and F) . Furthermore, the SR calcium load, assessed by caffeine-induced SR calcium release, was increased 13% in the HAX-1 heterozygous, compared to wild-type cells (Fig. 3G ). These differences were abolished upon isoproterenol stimulation (Fig. 3G) .
We then examined the role of HAX-1 downregulation on SR Ca transport. Decreased HAX-1 expression resulted in significant increases in the initial rates of calcium transport at various calcium concentrations without any marked alterations in the maximal velocity of the uptake system, compared to wild-type (WT: 85.4 Ϯ 6.6 nmol/mg/min; HE: 83.2 Ϯ 5.9 nmol/mg/min) (Fig. 3H) . However, the EC 50 of SERCA2 for calcium was significantly decreased to 64% in the HAX-1 heterozygous mouse hearts, compared to wild-type (Fig. 3H, inset) .
The alterations in SR calcium cycling by HAX-1 downregulation were not associated with any differences in the major SR calcium cycling protein levels: SERCA2a, calsequestrin (CSQ), and PLN (Fig. S5A) . Furthermore, there were no significant changes in cardiac morphology and histology at the age of 3 months in the HAX-1 heterozygous mice, compared to WTs (Fig. S5C) . 
Effect of HAX-1 on the Interactions of PLN to PLN and PLN to SERCA.
Our previous data have shown that HAX-1 interacts with PLN (5). However, it is not clear whether HAX-1 may affect PLNЈs interaction with itself (oligomerization, ''K D 1''), or it may alter the ability of PLN to bind SERCA2 (''K D 2'') in SR membranes. To directly test the effect of HAX-1 on these linked binding equilibria, we fused fluorescent protein tags to the N-termini of SERCA and PLN, and measured fluorescence resonance energy transfer (FRET), using the acceptor photobleaching method (15, 16) . Fig. 4A shows fluorescence images of CFP-SERCA and YFP-PLN in cultured AAV-293 cells. After acceptor-selective photobleaching, YFP-PLN fluorescence was decreased and CFP-SERCA fluorescence was increased, indicating the CFP donor had been quenched by energy transfer to YFP-PLN. Quantification of time-series image data showed that the exponential photobleaching of YFP-PLN (Fig. 4B , green triangles) resulted in a concomitant increase in CFP-SERCA (Fig. 4B, blue circles) . However, upon cotransfection, CFP-SERCA fluorescence was further enhanced with HAX-1 (Fig. 4B, black  squares) . This suggests that HAX-1 increased FRET from CFP-SERCA to YFP-PLN compared to control. Conversely, intrapentameric FRET from CFP-PLN to YFP-PLN was decreased in the presence of HAX-1 (Fig. 4C) . Our FRET results are summarized in Fig. 4D and indicate that HAX-1 decreased average intrapentameric (PLN-PLN) FRET efficiency and increased average regulatory complex (PLN-SERCA) FRET efficiency. The observed 30% decrease in PLN-PLN FRET is consistent with the observed decrease in pentamer/monomer ratio in HAX-1 OE transgenic hearts (Fig. 2 J) . These data support a model in which HAX-1 stabilizes the SERCA-PLN regulatory complex and/or destabilizes the oligomeric PLN complex (Fig. 4E ). Shifting these linked binding equilibria (Fig. 4E , ''K D 1'' and ''K D 2'') to the right is expected to increase functional inhibition of SERCA by PLN (4).
Effects of HAX-1 Overexpression in the Absence of PLN. Our findings above indicate that the interaction between PLN and HAX-1 may play an important role in mediating the depressive effects of HAX-1 on SR calcium cycling. To confirm this hypothesis, we generated a cross model with HAX-1 overexpression in the PLN deficient background (OE/KO). The levels of HAX-1 overexpression were similar to those in the original HAX-1 transgenic hearts. Interestingly, HAX-1 had no effect on cardiomyocyte contractility and calcium transients as well as SR calcium content in the absence of PLN (Fig. 5 A-E) . Furthermore, the affinity of SERCA2 for calcium (EC 50 ) was similar between the cross model and the PLN KO hearts (Fig. 5 F and G) . These data suggest that the role of HAX-1 on cardiac calcium cycling and contractile function is dependent on the presence of PLN. To investigate the localization of HAX-1 in this cross model, we performed immunofluorescence studies in the isolated cardiomyocytes from WT, HAX-1 OE, and OE/KO mice. Our results indicate that HAX-1 colocalizes with both SR marker SERCA and Mito Tracker in these mouse models (Fig. S6 ).
Discussion
The current study presents evidence that the anti-apoptotic protein HAX-1 decreases cardiac contractile parameters and calcium kinetics through increased PLN inhibition of the SR calcium transport system, mediated by formation of PLN monomers. However, isoproterenol stimulation, associated with PLN phosphorylation, relieves these inhibitory effects of HAX-1. A previous study, using the yeast two-hybrid system, identified HAX-1 as a binding partner of PLN (5) . The PLN binding region by HAX-1 contains residues 16-22, which include both the Ser 16 and Thr 17 phosphorylation sites. Notably, this domain does not contain the PLN interaction sites with SERCA2 (17, 18).
However, amino acids 16-22 in PLN contain Ile-18, Glu-19, Met-20, and Pro-21, which form a turn to connect the two ␣-helical stretches of the protein (19) . The formation of this turn in PLN provides flexibility, which may play an important role in the kinetics of PLN monomer-pentamer formation, phosphorylation, and dephosphorylation (19) . Thus, binding of HAX-1 to this region may alter any of the above reactions to further affect PLN conformation and activity. Indeed, the present study demonstrates that cardiac overexpression of HAX-1 significantly increased the relative abundance of PLN monomers, indicating an enhanced inhibitory role of PLN for SERCA, which subsequently resulted in depressed SERCA2 affinity for calcium. This was also confirmed by an in vitro FRET study, in which HAX-1 could significantly diminish the interaction between PLN monomers but increase the interaction between PLN and SERCA2. It has been previously reported that mutations of PLN itself including Leu 37 to Ala, Ile 40 to Ala, and Asn 27 to Lys, lead to increased PLN monomeric forms and enhance its inhibitory role in SERCA activity and cardiac function (13, 20) . The present study suggests that HAX-1 may also function as a signal to control the transition of the spatial conformation of PLN in the SR, which may further regulate SR calcium cycling. The increased inhibitory activity of PLN by HAX-1 overexpression resulted in decreased SR calcium load and depressed cardiomyocyte calcium cycling as well as contractility. Accordingly, downregulation of HAX-1 in vitro and in vivo enhanced calcium kinetics and mechanical parameters, supporting the regulatory role of HAX-1 in cardiac contractile function. Furthermore, these effects appeared to be specifically mediated by PLN, since PLN phosphorylation or ablation prevented the HAX-1 inhibitory activity.
In the current study, we did not find any significant effects of the overexpressed HAX-1 on the phosphorylation status of PLN at Ser-16 and Thr-17, indicating that the depressed function was associated with binding of HAX-1 to PLN. Importantly, the inhibitory effects of HAX-1 overexpression were eliminated by isoproterenol stimulation, which may be a consequence of dissociation of HAX-1 from PLN (5). Indeed, phosphorylation of PLN at both Ser-16 and Thr-17 was similar in transgenic and wild-type hearts in the presence of isoproterenol. In addition, genetic complementation studies indicated that HAX-1 overexpression had no effects in the PLN deficient hearts. Thus, although HAX-1 has been previously shown to interact with both PLN and SERCA (5, 21) , the present findings indicate that the PLN/HAX-1 interaction is key in mediating the inhibition of SR calcium cycling by HAX-1 in vivo. The major effects of HAX-1 on SR calcium transport involved the EC 50 of SERCA for calcium, which is known to be regulated by PLN, rather than the maximal velocity of SERCA, which reflects direct SERCA regulation (22, 23) .
PLN has been recognized as an important brake control in SR, which keeps SERCA2a partially inhibited under basal conditions and allows for increased SR calcium transport under ␤-adrenergic stimulation, when PLN inhibition is relieved. However, it needs to be understood whether or not PLN is the only regulator of SERCA activity. The current study demonstrates that HAX-1 may serve as an additional control of SERCA function. This adds another layer of complexity as HAX-1 interacts with PLN and increases its inhibitory function. It is interesting to speculate that HAX-1 interacts with PLN and keeps it in its monomeric form, which is the inhibitory form of PLN, and thus, represents an important regulator of cardiac reserve. Although it has been reported that protein kinase A-induced phosphorylation of PLN led to dissociation of HAX-1 in vitro (5), it remains unclear whether this also holds true in vivo. It is possible that phosphorylation of PLN alters its spatial conformation and promotes pentameric formation, which then changes the affinity of PLN for HAX-1. Alternatively, PLN phosphorylation may reduce the interaction of monomeric PLN for HAX-1 and lead to pentameric assembly. Along these lines, the 
